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ABSTRACT
We present multi-wavelength radio observations obtained with the VLA of the protoplanetary disk
surrounding the young brown dwarf 2MASS J04442713+2512164 (2M0444) in the Taurus star forming
region. 2M0444 is the brightest known brown dwarf disk at millimeter wavelengths, making this an
ideal target to probe radio emission from a young brown dwarf. Thermal emission from dust in the
disk is detected at 6.8 and 9.1 mm, whereas the 1.36 cm measured flux is dominated by ionized gas
emission. We combine these data with previous observations at shorter sub-mm and mm wavelengths
to test the predictions of dust evolution models in gas-rich disks after adapting their parameters to
the case of 2M0444. These models show that the radial drift mechanism affecting solids in a gaseous
environment has to be either completely made inefficient, or significantly slowed down by very strong
gas pressure bumps in order to explain the presence of mm/cm-sized grains in the outer regions of
the 2M0444 disk. We also discuss the possible mechanisms for the origin of the ionized gas emission
detected at 1.36 cm. The inferred radio luminosity for this emission is in line with the relation between
radio and bolometric luminosity valid for for more massive and luminous young stellar objects, and
extrapolated down to the very low luminosity of the 2M0444 brown dwarf.
Subject headings: circumstellar matter — stars: individual (2M1207) — planets and satellites: forma-
tion — submillimeter: stars
1. INTRODUCTION
Young pre-Main Sequence (PMS) stars and brown
dwarfs (BDs) are orbited by disks which are the cradles
of planets (see Andrews 2015, for a recent review). Ac-
cording to the core accretion scenario, planets are formed
via the growth of solid particles in these young circum-
stellar disks (e.g., Mordasini et al. 2010). Studying the
properties and growth of dust particles in these disks is
therefore crucial to understand the process of planet for-
mation. In particular, the radial drift problem for peb-
bles in the outer disk regions and larger rocks in the inner
disk is one of the most compelling impediments to our
understanding of the formation of planetesimals (Wei-
denschilling 1977), and significant efforts are being made
on both observational and theoretical grounds (e.g., Testi
et al. 2014; Johansen et al. 2014).
Because of their low-density and temperature, BD
Electronic address: luca.ricci@rice.edu
disks are particularly interesting as they allow to test
the models of dust evolution in borderline environments
(Pinilla et al. 2013; Meru et al. 2013). Several disks
around young BDs, with masses between those of stars
and planets, have been characterized at infrared and sub-
millimeter wavelengths (e.g. Natta & Testi 2001; Klein
et al. 2003; Scholz et al. 2006; Morrow et al. 2008; Furlan
et al. 2011; Harvey et al. 2012; Alves de Oliveira et al.
2013; Ricci et al. 2014; van der Plas et al. 2016; Testi
et al. 2016; Ricci et al. 2017). The study of BD disks is
particularly relevant also to investigate the potential of
finding exoplanets around more evolved BDs (Payne &
Lodato 2007; Ricci et al. 2014).
Here we present Karl G. Jansky Very Large Array
(VLA) observations of the 2MASS J04442713+2512164
(henceforth 2M0444) system, made of a young BD
(M7.25-spectral type, sub-stellar luminosity LBD ≈
0.028 L, effective temperature Teff ≈ 2828 K, and mass
MBD ≈ 60 MJup, Luhman 2004), surrounded by a disk
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first detected in the infrared (Kenyon et al. 1994; Hart-
mann et al. 2005; Luhman et al. 2006; Guieu et al. 2007;
Bouy et al. 2008). 2M0444 is a member of the Taurus
star forming region, with an estimated age of ≈ 1 − 3
Myr, and a distance of about 140 pc (Loinard et al. 2007;
Torres et al. 2009, 2012).
The 2M0444 disk is the brightest BD disk from the
single-dish survey in Taurus by Scholz et al. (2006) at
a wavelength of 1.3 millimeter. Thanks to its relatively
high flux density (F1.3mm ≈ 5 mJy) and large disk (outer
radius > 100 au), this was the first BD disk to be spa-
tially resolved at mm-wavelengths (Ricci et al. 2013, us-
ing the Combined Array for Research in Millimeter-wave
Astronomy, CARMA).
Subsequent observations with the Atacama Large Mil-
limeter/submillimeter Array (ALMA) revealed a low
value of the spectral index between 0.89 and 3.2 mm,
α0.89−3.2mm ≈ 1.8 (Fν ∝ να, Ricci et al. 2014). The in-
ferred value of the spectral index of the dust opacity β
(κν ∝ νβ) at these wavelenghts indicates the presence
of mm-sized grains in the outer regions of this BD disk,
similarly to what is found in circumstellar disks (Testi et
al. 2014).
Our new VLA observations for the continuum emission
of 2M0444 at 6.8, 9.1 mm and 1.36 cm, allow us to probe
dust thermal emission at wavelengths longer than ≈ 3
mm for the first time in a BD disk. This lets us study
dust particles that are larger than can be probed with
ALMA. Furthermore, observations at these long wave-
lengths can pick up emission from non-dust emission pro-
cesses, and related to the activity of the young central
object (e.g., Shirley et al. 2007).
Section 2 describes the new VLA observations and data
reduction, Section 3 presents the results of the observa-
tions. Section 4 describes the analysis of the results. The
main results of this work are summarized in Section 5.
2. VLA OBSERVATIONS AND DATA REDUCTION
We observed the 2M0444 young brown dwarf with the
VLA in bands Q (effective wavelength of 6.8 mm), Ka
(9.1 mm), and K (1.36 cm). The VLA correlator was
configured to record dual polarization with 64 separate
spectral windows, each with a total bandwidth of 128
MHz.
Observations were performed during the month of
March 2013 (see Table 1), when the VLA was in the D
array configuration with 27 available antennas. Baseline
lengths ranged between about 35 m and 1.0 km.
The visibility datasets were calibrated with the VLA
Calibration Pipeline1 developed by the National Ra-
dio Astronomy Observatory (NRAO) within the CASA
software package (McMullin et al. 2007). During the
observations, the quasars J0319+4130, J0431+2037,
and J0542+4951 were used to calibrate the frequency-
dependent bandpass, gain terms and absolute flux scale,
respectively. Observations for each band were repeated
twice.
For imaging the interferometric visibilities we used the
clean algorithm in CASA. Since the VLA D array con-
figuration does not allow us to spatially resolve the emis-
sion from the 2M0444 disk, we performed the imaging
1 https://science.nrao.edu/facilities/vla/data-
processing/pipeline
TABLE 1
VLA Observations of 2M0444
Band λ [mm] Rms [µJy/beam] Fν [µJy] Observing days
Q 6.8 6.0 159 2013 March 11, 13
Ka 9.1 2.8 71 2013 March 30, 31
K 13.6 2.9 64 2013 March 10, 12
using a natural weighting, which maximizes sensitivity.
The flux values extracted in the two days were gener-
ally found to be consistent within 10%. We adopt this
value as the uncertainty on the absolute flux calibration.
The observations were then combined to produce a single
final image for each band. The inferred rms and flux den-
sity values are listed in Table 1. The flux density values
were extracted by integrating the disk surface brightness
over circular apertures with radii of ≈ 5′′ centered on the
location of 2M0444.
3. RESULTS
The 2M0444 disk was detected at all the three VLA
bands. The signal-to-noise ratios are ≈ 26, 25, 22 at λ =
6.8, 9.1, 13.6 mm, respectively (Table 1).
Figure 1 displays the disk SED at sub-mm to cm wave-
lengths after combining the new VLA detections pre-
sented here at 6.8, 9.1 mm and 1.36 cm with previous
detections with ALMA at 0.89 and 3.2 mm (Ricci et al.
2014) and CARMA at 1.3 mm (Ricci et al. 2013). We
do not include here the fluxes measured at very simi-
lar wavelengths by Scholz et al. (2006) and Bouy et al.
(2008) because of the much lower signal-to-noise ratios
than the ALMA and CARMA detections.
This figure shows an apparent steepening of the disk
SED at longer wavelengths, with evidence of excess emis-
sion at 1.36 cm over a power-law derived fitting the flux
densities measured at shorter wavelengths. When fit-
ting all the flux densities measured between 0.89 and 9.1
mm with a single power-law, we infer a spectral index
α0.89−9.1mm = 2.07±0.12 (Fν ∝ να). However, the slope
at λ>∼ 3.2 mm is steeper than at shorter wavelengths. If
fitting separately the flux densities at 0.89−3.2 mm and
at 3.2 − 9.1 mm, we get α0.89−3.2mm = 1.84 ± 0.26, and
α3.2−9.1mm = 2.37± 0.32, respectively.
The extrapolated flux density at 1.36 cm from the
power-law derived between 3.2 and 9.1 mm is ≈ 29 µJy.
The measured flux density of 2M0444 at this wavelength
is2 64±7 µJy, which is 5.7σ above the power-law extrap-
olated value.
4. ANALYSIS
4.1. The steepening of the SED at long wavelengths
Because of the decrease of the dust opacity with wave-
length (e.g., Draine 2006), the dust thermal emission
from young disks around PMS stars and brown dwarfs is
found to be mostly optically thin at wavelengths close to
1 mm, and longer (e.g., Testi et al. 2003; Rodmann et al.
2006; Ricci et al. 2012, 2013; Testi et al. 2014). In the
optically thin regime, the disk flux density depends on
frequency via Fν ∝ κν×Bν(Tdust), where Bν(Tdust) is the
2 The reported uncertainty includes both the statistical uncer-
tainty given by the rms noise and the 10% systematic uncertainty
on the absolute flux scale (Section 2), these terms added in quadra-
ture.
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Fig. 1.— Spectral Energy Distribution at sub-mm to cm wave-
lengths for 2M0444. For each datapoint, the vertical errorbar ac-
counts for both the measured rms noise and a fluxcale absolute un-
certainty of 10%, these two terms added in quadrature. Dashed and
dotted lines show the power-law fits for wavelengths of 0.89 − 3.2
mm and 3.2− 9.1 mm, respectively.
Planck function associated to the dust emission. There-
fore, the spectral index of the flux density α ≈ β + αPl,
where β and αPl are the spectral indices of the dust opac-
ity and Planck function, respectively.
Ricci et al. (2014) constrained the structure of the
2M0444 disk by modeling the interferometric visibilities
obtained with ALMA at 0.89 mm and the measured spec-
tral index of ≈ 1.8 between 0.89 and 3.2 mm. From this
analysis, they inferred values of β ≈ 0.2 and αPl ≈ 1.6.
The value of αPl < 2 indicates that the mm-wave emis-
sion is dominated by dust that is cold enough to depart
from the Rayleigh-Jeans regime of the emission. In par-
ticular, the Ricci et al. (2014) models predict a tempera-
ture radial profile decreasing with the distance from the
2M0444 brown dwarf, with values of ≈ 10 − 13 K be-
tween 40 au and the outer radius of the disk at ≈ 140
au. In these models, the dust temperature in the disk
outer regions is dominated by external heating due to
the interstellar radiation impinging on the disk. A value
of Text = 10 K was assumed based on the temperature
inferred for the regions of protostellar cores directly il-
luminated by the interstellar radiation in the Taurus re-
gion. In the appendix of the current paper we provide the
results of physical radiative transfer models that support
this assumption.
As shown in Figure 2, at a given temperature, the spec-
tral index of the Planck function increases at longer wave-
lengths. For the range given above for the outer regions
of the 2M0444 disk, i.e. T = 10− 13 K, αPl ≈ 1.8− 1.9
between 3.2 and 9.1 mm. Hence, within the uncertain-
ties on the inferred value of the SED spectral index α
(Section 3), the steepening of the SED of the 2M0444
disk can be explained by the steepening of the Planck
function at longer wavelengths as due to the low dust
temperatures in the disk outer regions according to the
Ricci et al. (2014) models.
Note that this is under the assumptions that i) the
emission is optically thin, and ii) the spectral index β of
the dust opacity does not vary significantly between 0.89
and 9.1 mm. The low optical depth of the dust emission
at 0.89 mm, and therefore also at longer wavelengths due
to the decrease of the dust opacity with wavelength, has
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Fig. 2.— Spectral index αPl of the Planck function as a function
of temperature. In this plot the x-axis represents possible tem-
perature values of dust in the outer regions of the 2M0444 disk.
The dashed and dotted lines are for spectral indices calculated be-
tween 3.2−9.1 mm and 0.89−3.2 mm, respectively. The solid line
indicates the value of 2 obtained in the Rayleigh-Jeans regime.
been confirmed by the modeling presented in Ricci et
al. (2014). Regarding the variation of the dust opacity
with wavelength, dust models with different assumptions
on the chemical composition and grain size distribution
show that β can vary with wavelength in the spectral in-
terval discussed here (e.g., see upper panels in Figures 3-5
and Fig. 6 in Draine 2006; Miyake & Nakagawa 1993). In
the vast majority of cases, β increases with wavelength,
in line with the steepening of the SED of the 2M0444
disk, but there are exceptions (Draine 2006).
To summarize, although the observed steepening of the
SED of the 2M0444 disk can be explained solely by the
steepening of the Planck function at long wavelengths
for dust thermal emission at T ≈ 10 − 13 K (Ricci et
al. 2014), the predictions of dust models suggest that
some contribution is likely due also to a steepening of
the spectral index β of the dust opacity at λ > 1 mm.
4.2. Models of dust evolution in the 2M0444 disk
The measured values of the spectral index of the disk
SED at sub-mm/mm wavelengths imply3 β < 1, which
can be obtained only by invoking dust grains as large as
∼ 1 mm, or larger, in the outer regions of the 2M0444
disk (Draine 2006; Testi et al. 2014).
We compare this result with the predictions of dust
evolution models that compute the dynamics of dust
particles simultaneously with their growth, erosion, and
fragmentation, as presented in Birnstiel et al. (2010). For
this comparison, we adopted the (sub-)stellar properties
constrained for 2M0444, i.e. a bolometric luminosity
LBD = 0.028 L, effective temperature Teff = 2838 K
(Luhman 2004), mass of MBD = 50 MJup obtained using
the Baraffe et al. (2003) evolutionary models, and similar
to the value of 45 MJup inferred by Bouy et al. (2008).
For the disk, we adopted the surface density radial pro-
file constrained by the Ricci et al. (2014) modeling of the
ALMA visibilities, i.e. a power-law function Σ ∝ r−p
with an exponent p = 1.65, truncated at an outer radius
3 From the relation α = β + αPl, in order to reproduce the
measured value of α between 3.2 and 9.1 mm with β > 1 would
require αPl . 1.4, given by unreasonably cold dust (T . 3 K,
Fig. 2, see also the appendix, Fig. 5).
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of 139 au, and with a total disk mass (gas+dust) of 1.3
MJup (gas-to-dust mass ratio of 100). The temperature
radial profile is also taken by Ricci et al. (2014). We as-
sume an αv-disk viscosity, with a value of 10
−3 (Pringle
1981).
In our numerical models we assume that the initial
grain size is 1µm in the entire disk and with an initially
constant dust-to-gas mass ratio of 0.01. In these models,
particles can stick when the relative velocities are below a
velocity threshold, otherwise the collision leads to erosion
or complete fragmentation of particles. The relative ve-
locities are calculated according to the radial drift, dust
settling, Brownian and turbulent motions. The velocity
threshold, or fragmentation velocity vfrag, is assumed to
be 10 and 30 m s−1, in agreement with laboratory ex-
periments and numerical simulations of collisions of icy
grains (Blum & Wurm 2008; Gundlach et al. 2011). For
the dust dynamics, we consider radial drift, gas drag,
and turbulence; all of these mechanisms depend on the
grain size and hence the importance of modeling grain
growth and dust dynamics simultaneously. We calculate
the evolution up to 5 Myr.
Pinilla et al. (2013) demonstrated that, for disks with
gas surface densities monotonically decreasing with stel-
locentric radius, the timescale of radial drift for ∼ mm-
sized grains is shorter around stars with lower mass,
and it can be a severe problem to explain mm-grains
in the outer regions of BD disks. For this reason, we
assume in some of these models that either the radial
drift is completely neglected or reduced by a given factor
(vdrift,reduced = f × vdrift, with f = 0.4, 0.6). In addition,
we also consider models where the the gas surface den-
sity is perturbed by a sinusoidal function with certain
amplitude and frequency, to mimic bumps in the pres-
sure radial profile (Pinilla et al. 2012a) which can be pro-
duced by different physical mechanisms (e.g. zonal flows,
dead zones, or planet-disk interaction, see Johansen et
al. 2009; Uribe et al. 2011; Pinilla et al. 2012b). For
the sinusoidal perturbation, we consider two values for
the amplitude (A = 0.4 and 0.6) and a wavelength equal
to the disk local scale height. These values are known
to cause a slowing down or even halting locally the ra-
dial motion of mm-sized solids in the disk outer regions
(Pinilla et al. 2013).
The results of our calculations are shown in Fig. 3,
which represents the grain size distribution of particles
across the disk for a snapshot taken at ≈ 1 Myr from
the beginning of our simulations. First, in the models
where the radial drift is included (top left panel), with-
out any kind of reduction or pressure bumps, no mm-
sized grains are found at > 10 au from the star because
of the radial drift of these particles. The effects of the ra-
dial drift mechanism are evident in the comparison with
the model in which radial drift was neglected (top right
panel). In this case, grains grow to sizes of > 1 mm all
the way to about 100 au. At this time, at any given
distance from the brown dwarf within 100 au, the size
of the largest grains is defined by the fragmentation bar-
rier afrag (Birnstiel et al. 2010), as grains do not drift
radially. In this regime, even larger grains would be ob-
tained in disk regions with lower viscosity and higher
fragmentation velocities than those considered in Fig. 3,
as afrag ∝ v2fragα−1v .
Relative to the model with unimpeded drift, reducing
the radial drift by 40 or 60% (the latter case shown in the
bottom left panel in Fig. 3) does not show significant dif-
ferences in the dust density distribution at ≈ 1 Myr. In
the models with strong sinusoidal bumps (A = 0.6, bot-
tom right panel), particles with mm-cm sizes are instead
efficiently trapped up to radii of about 100 au.
To summarize the main results of our calculations, disk
models in which the radial drift mechanism has been ei-
ther completely made inefficient, or significantly slowed
down by the presence of strong gas pressure bumps are
necessary to explain the presence of mm-sized grains in
the outer regions of the 2M0444 disk.
4.3. The excess emission at 1.36 cm
As described in Section 3, the measured flux density
at 1.36 cm indicates the presence of ionized gas emission
in excess of the dust thermal emission. This excess emis-
sion at cm wavelengths has been observed in several disks
around young PMS stars (Rodmann et al. 2006; Ubach
et al. 2012; Pascucci et al. 2014; Ubach et al. 2017). For
these disks, the spectral indices measured at cm wave-
lengths indicate free-free emission from a wind or jet, and
chromospheric emission associated with stellar activity
as the physical mechanisms responsible for this excess.
In the case of young brown dwarfs, ionizing UV radia-
tion can be produced by hot shocked gas accreting on
the brown dwarf. Herczeg & Hillenbrand (2008) derived
a temperature of ≈ 8200 K for the shocked accreting gas
by fitting the Balmer continuum observed from 2M0444.
Figure 4 shows the relation between radio luminosity at
3.6 cm and bolometric luminosity for Young Stellar Ob-
jects (YSOs), Very Low Luminosity Objects (VeLLOs)
and young BDs, spanning about 6 orders of magnitude in
luminosity. The median of the spectral index measured
between 3 and 6 cm for protostars is ≈ 0.5 (Shirley et
al. 2007), in line with partially optically thick free-free
emission from a wind or jet with a 1/r2 density gradient
(Panagia & Felli 1975; Wright & Barlow 1975; Reynolds
1986). This correlation likely reflects the fact that more
luminous protostars drive more powerful ionizing winds
and jets, and are likely surrounded by more massive cir-
cumstellar material, especially for the youngest Class 0/I
YSOs which are still embedded in their parental envelope
(Curiel et al. 1987, 1989; Hsieh et al. 2016).
This relation has been recently extended to very low
luminosities, Lbol . 0.1 L, via cm-wave observations
of very young Class 0/I proto-BDs (Morata et al. 2015;
Forbrich et al. 2015) and one Class II BD disk, FU Tau
A (Rodriguez et al. 2017), although a mass above the
hydrogen burning limit has been proposed for this object
using models of magnetic stars to explain its observed
high luminosity (Stelzer et al. 2013).
In order to add 2M0444 to the plot in Fig. 4, we ex-
trapolated to 3.6 cm the excess emission measured at
1.36 cm. We adopted a range for the cm-wave spec-
tral index between −0.1 (valid for optically thin free-free
emission) and 0.6 (free-free emission from a wind or jet
with a 1/r2 density structure), which includes the values
measured for nearly all the more massive YSOs (Shirley
et al. 2007).
Fig. 4 shows that the radio emission of the 2M0444 disk
lies on the relation inferred by Shirley et al. (2007) for
YSOs. Simultaneous observations at longer wavelengths
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Fig. 3.— Grain size distributions as a function of the distance from the 2M0444 for dust evolution models discussed in Section 4.2. At
each point, the color defines the surface density of particles with a given grain size (y-axis) and at a given distance from 2M0444 (x-axis;
see colorbar on the right side). In each panel, the white solid line identifies the grain sizes with the Stokes parameter equal to 1, which
are the particles most affected by radial drift; the cyan solid line shows the fragmentation barrier; the purple solid line shows the largest
grain sizes that can be reached before radial drift removes those particles (e.g., Birnstiel et al. 2012). Each panel shows a snapshot of our
evolutionary models taken at ≈ 1 Myr since the beginning of the simulations. Top left panel) Model with unimpeded radial drift. Top
right) Model where radial drift is neglected. Bottom left) Model where radial drift velocities are reduced by a factor f = 0.6. Bottom right)
Model with pressure bumps with amplitude A = 0.6 and wavelength equal to the local pressure scale-height.
are necessary to confirm that the 1.36 cm excess emis-
sion is indeed due to free-free emission, rather than, e.g.,
synchrotron emission from electrons accelerated by the
sub-stellar magnetic field. If so, the fact that 2M0444 lies
so close to the relation derived for more massive young
stars would be a further indication in favor of the scale
down stellar-like scenario for the formation of this brown
dwarf. Furthermore, being the inferred radio luminosity
for 2M0444 almost an order of magnitude higher than
for the only other Class II BD disk detected at cm wave-
lengths, FU Tau A, our observations show that young
brown dwarfs can be very active also at this early stage
of their evolution.
5. CONCLUSIONS
We presented new VLA observations for the dust con-
tinuum emission at 6.8, 9.1 mm and 1.36 cm for the
young brown dwarf 2M0444. The main results are as
follows.
• Dust thermal emission from the 2M0444 disk was
detected at 6.8 and 9.1 mm, representing the first
detection of dust emission from a young BD disk
at these long wavelengths. The low value of the
spectral index, α3.2−9.1mm ≈ 2.37± 0.32, indicates
that particles even larger than those invoked by
the results of previous ALMA observations (Ricci
et al. 2014) are present in the outer regions of the
2M0444 disk;
• The disk sub-mm/mm SED shows a steepening at
longer wavelengths. This feature of the SED can
be explained solely by the steepening of the Planck
function at long wavelengths for dust thermal emis-
sion at temperatures T ≈ 10−13 K, in line with the
disk model proposed by Ricci et al. (2014). How-
ever, the predictions of dust models suggest that
some contribution is likely also due to a steepen-
ing of the spectral index β of the dust opacity at
wavelengths longer than ∼ 1 mm;
• Models of dust evolution show that the radial drift
mechanism affecting solids in a gaseous environ-
ment has to be either completely made inefficient,
or significantly slowed down by strong gas pressure
bumps in order to explain the presence of mm/cm-
sized grains in the outer regions of the 2M0444
disk. If this is done by radial gas pressure bumps,
the amplitude of the bumps relative to the unper-
turbed gas structure has to be of at least ∼ 60%.
The same models show also that the fragmentation
barrier lies above sizes of ≈ 1 mm in the outer disk
regions;
• The flux measured at 1.36 cm is dominated by ion-
ized gas emission. The inferred radio luminosity
for this emission is in line with the relation be-
tween radio and bolometric luminosity valid for
YSOs (Shirley et al. 2007), and extrapolated down
to the very low luminosity of the 2M0444 brown
dwarf.
Future observations at high angular resolution (< 0.1′′)
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and Forbrich et al. (2015). Blue squares represent the two Class II brown dwarf disks, FU Tau A (Rodriguez et al. 2017) and 2M0444 (this
work). For 2M0444, the vertical bar reflects the range of values derived from the extrapolation of the excess emission at 1.36 cm assuming
a range of spectral indices between −0.1 and 0.6. The best-fit relation, and 1σ uncertainty, derived for a sample of YSOs by Shirley et al.
(2007) are shown by dashed lines.
at sub-mm and mm wavelengths with ALMA and the
VLA will allow an in-depth investigation of the spatial
distribution of the mm/cm-sized particles in the 2M0444
disk. In the case of the model with radial pressure bumps
presented in Section 4.2 (Fig. 3, bottom right panel),
annular rings would have radial separations >∼ 10 au, or
>∼ 0.07′′ at the distance of 2M0444, in the disk outer
regions.
Finally, follow-up multi-epoch observations at wave-
lengths longer than 1.36 cm will constrain the spectral
index of the cm-wave emission as well as its time vari-
ability, and determine its physical nature. According to
the models by Reiners & Christensen (2010), magnetic
fields >∼ 1 kG are expected for brown dwarfs with the
mass and age of 2M0444. This level of magnetic field
can be detected via modeling of the profile of spectral
lines in high resolution spectra at NIR wavelengths (e.g.,
Reiners et al. 2009).
APPENDIX
Given the low luminosity of brown dwarfs, heating in the outer regions of their disks can be dominated by the diffuse
radiation field from the interstellar medium (ISM), rather than by the radiation from the brown dwarf itself. In this
Appendix we present a physical model that attempts to quantify the impact of this external heating in the case of the
2M0444 disk, for different values of the interstellar radiation flux.
For this calculation, we use the radiative transfer and ray tracing modules of the DALI code (Bruderer et al. 2012,
2013). For the surface density we consider two different parametrizations, both consistent with the CARMA and
ALMA interferometric visibilities of the 2M0444 disk (Ricci et al. 2013; Testi et al. 2014). The first one is the power-
law model described in Section 4.2, i.e. a surface density radial profile Σdust(R) ∝ R−p with an exponent p = 1.65,
truncated at an outer radius of 139 au, and with a total disk mass (gas+dust) of 1.3 MJup (gas-to-dust mass ratio of
100).
The second parametrization is the self-similar radial profile (Pringle 1981):
Σdust(R) = Σc
(
R
Rc
)−γ
exp
[
−
(
R
Rc
)2−γ]
. (1)
For both parametrizations, at any given radius the total dust density is divided into two populations of dust particles
with the same radial dependence, Σdust(R) = Σsmall + Σlarge, but different grain sizes and vertical distributions to
account for the vertical settling mechanism. Following (Testi et al. 2014), we adopt values of γ = 1.4, Rc = 50 au. For
our reference model, the mass ratio between the two populations is set to Σlarge/Σsmall = 0.85, i.e. at any location in
the disk 85% of the dust mass is in the large population. The small population is made of particles with sizes ranging
between 50 A˚ and 1µm, whereas the large one of particles with sizes ranging between 1µm and 1 mm. Both the
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populations assume a slope of q = 3.5 for the grain size distribution, dn(a)/da ∝ a−q, similar to the value constrained
for the ISM (Mathis et al. 1977).
The density structure of the small grains assumes hydrostatic equilibrium and vertical isothermality, leading to:
ρsmall(R, z) =
Σsmall(R)√
2piH
exp
[
−1
2
( z
H
)2]
, (2)
where H is the scale-height of the disk. As for the large grains, we account for vertical settling reducing the scale-height
of the second population by a factor χ = 0.2:
ρlarge(R, z) =
Σlarge(R)√
2piχH
exp
[
−1
2
(
z
χH
)2]
. (3)
The scale-height of the disk scales as H ∝ R1.25, with H/R = 0.21 at Rc, as derived by Ricci et al. (2014) under
the assumption of vertical hydrostatic equilibrium and after subtracting the spatially constant Tex term (see Section
4 in Ricci et al. 2014). The 2D spatial grid consists of 150 grid points in the radial direction, logarithmically sampled
between 0.01 AU and 150 AU, and of 80 grid points in the vertical direction, sampled linearly between the disk mid-
plane and 8 scale-heights above it.
The dust opacities of the two populations are computed using a standard ISM dust composition following Weingartner
& Draine (2001). The mass extinction coefficients are calculated using Mie theory with the miex code (Wolf &
Voshchinnikov 2004) and optical constants by Draine (2003) for graphite and Weingartner & Draine (2001) for silicates.
The input sub-stellar spectrum is set by the observed stellar properties, in particular effective temperature, luminosity
(see Section 1) and mass accretion rate (M˙acc ≈ 9× 10−12 M yr−1, Herczeg & Hillenbrand 2008), as constrained for
the 2M0444 brown dwarf.
The external UV field is presented in units of G0, where G0 ∼ 2.7× 10−3 erg s−1 cm−2 is the average UV interstellar
radiation field between 911 A˚ and 2067 A˚ (Draine 1978). In star forming regions, the environmental UV field can range
between a few G0 in low mass regions, up to > 10
5G0 in the proximity of O stars in massive clusters as in the Orion
Nebula Cluster (e.g. Fatuzzo & Adams 2008). As an example for low mass forming regions, Cleeves et al. (2016)
estimated an external field of ∼ 4G0 from thermo-chemical models of gas observations in IM Lup, then corroborated
by hydro-dynamical models of external photoevaporation (Haworth et al. 2017).
The number of photon packages used in the radiative transfer is 3× 107 both for the photons from the central star
and for the photons from the environment, which are emitted from a virtual sphere.
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Fig. 5.— Radial profiles of the dust temperature in the disk midplane as derived by our radiative transfer calculations. The fluxes
considered for the external UV interstellar field are shown with different colors as labelled. Solid and dotted lines refer to the calculations
for the power-law and self-similar radial profiles for the dust density, respectively, and for our reference model for the grain size distribution.
Dashed line represents the model with a grain size distribution with a slope q = 3.0 (see text).
Figure 5 shows the radial profiles of the dust temperature in the disk midplane for different values of the flux of the
external UV field (lines with different colors). Deviations in the temperature profiles for the power-law (solid lines)
and self-similar (dotted) models are confined to <∼ 1 − 2 K at the same radius. The temperature profiles obtained
for low-to-moderate values of 1 ≤ G0 ≤ 3 resemble very closely the temperature profile from the Ricci et al. (2014)
model for 2M0444. Only for stronger UV fields, with G0 >∼ 10, the dust temperature shows an inverted trend: the
temperature rises further from the central object because of the dominant heating from the external radiation field.
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In this plot we also test the variation of temperature with the dust opacity. We do this by considering a disk with
the same structure as described above, but with different dust opacities obtained by a rather extreme choice of a
top-heavy grain size distribution, with a slope q = 3.0 and a ratio Σlarge/Σsmall = 0.99. Compared with the reference
model, the temperature is lower by just a couple of degrees, and remains always above 8 K even with a very low flux
of G0 = 1 for the external UV field.
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